Localization of Ime4 in Saccharomyces cerevisiae by Ghimire, Jenisha
University of New Orleans 
ScholarWorks@UNO 
Senior Honors Theses Undergraduate Showcase 
5-2012 
Localization of Ime4 in Saccharomyces cerevisiae 
Jenisha Ghimire 
University of New Orleans 
Follow this and additional works at: https://scholarworks.uno.edu/honors_theses 
Recommended Citation 
Ghimire, Jenisha, "Localization of Ime4 in Saccharomyces cerevisiae" (2012). Senior Honors Theses. 12. 
https://scholarworks.uno.edu/honors_theses/12 
This Honors Thesis-Unrestricted is protected by copyright and/or related rights. It has been brought to you by 
ScholarWorks@UNO with permission from the rights-holder(s). You are free to use this Honors Thesis-Unrestricted 
in any way that is permitted by the copyright and related rights legislation that applies to your use. For other uses 
you need to obtain permission from the rights-holder(s) directly, unless additional rights are indicated by a Creative 
Commons license in the record and/or on the work itself. 
 
This Honors Thesis-Unrestricted has been accepted for inclusion in Senior Honors Theses by an authorized 
administrator of ScholarWorks@UNO. For more information, please contact scholarworks@uno.edu. 
 
 
i 
 
Localization of Ime4 in Saccharomyces cerevisiae 
 
An Honors Thesis 
 
 
Presented to 
The Department of Biology 
of the University of New Orleans 
 
In Partial Fulfillment 
of the Requirements for the Degree of 
Bachelor of Science, with 
Honors in Biology 
 
By 
Jenisha Ghimire 
April 2012 
 
 
ii 
 
Acknowledgements  
 
I would like to express my sincere gratitude to my teacher and mentor Dr. Mary J. Clancy 
Without her consistent guidance and encouragement, this thesis would have been impossible. 
Her wide knowledge and her logical way of thinking have been of great value for me. She is an 
amazing teacher, a passionate scientist and a great personality. The kindness and support she 
showed towards me while writing this thesis are greatly appreciated.   
I would like to thank my parents for all the sacrifices they have made to get me where I 
am today and my sister, Resha Ghimire, for being the best friend I can always count on. I would 
not have reached this point without their unconditional love, faith and support. I would also like 
to acknowledge my dear friends Arielle Hunter, Samjhana BC, Sonu Shrestha, Leticia Lam, 
Merina Shrestha and Gregory Mattson for always being there for me through good and bad 
times. Special thanks to my friends in the lab Sanjeev Dahal, Pinithi Parera, Yazan Alqara and 
Patricia Dehon who kept the lab fun and exciting with stimulating discussions.  
I would also like to take this opportunity to thank my teachers for their consistent 
contributions towards my educational growth. Special thanks to Dr. Zhengchang Liu for being 
my second reader. His expert opinion in the subject matter was greatly helpful and much 
appreciated. 
  
 
 
 
 
 
iii 
 
Contents 
Acknowledgements ......................................................................................................................... ii 
Table of Figures .............................................................................................................................. v 
Abstract .......................................................................................................................................... vi 
Introduction ..................................................................................................................................... 1 
Saccharomyces cerevisiae and its advantages as the model organism........................................ 1 
Sporulation in Saccharomyces cerevisiae ................................................................................... 2 
Mating Pheromone Pathway of Saccharomyces cerevisiae ........................................................ 3 
Filaments/Invasion Pathway in Saccharomyces cerevisiae ........................................................ 6 
Central dogma of Molecular Biology.......................................................................................... 7 
Transcription ............................................................................................................................... 8 
Post Transcriptional Modifications ........................................................................................... 10 
Translation ................................................................................................................................. 12 
Cytosolic Processing Bodies or P-Bodies ................................................................................. 14 
Motivation for Current Work ........................................................................................................ 16 
Methods and Materials .................................................................................................................. 18 
Materials .................................................................................................................................... 18 
Ecoli growth and transformation ............................................................................................... 18 
Isolation of Ime4-GFP for cloning ............................................................................................ 18 
Cloning of Ime4-GFP into Yeast Shuttle Vectors ..................................................................... 19 
 
 
iv 
 
Yeast growth and transformation .............................................................................................. 20 
Visualizing P-bodies ................................................................................................................. 21 
Sporulation of yeast cells .......................................................................................................... 21 
Pheromone induction................................................................................................................. 22 
Construction of IME4-GFP and EDC3-mCherry...................................................................... 22 
Microscopy ................................................................................................................................ 22 
Results ........................................................................................................................................... 24 
pJG101 and pJG 102 ................................................................................................................. 25 
Functionality of IME4-GFP ...................................................................................................... 27 
Localization of IME4-GFP........................................................................................................ 30 
Localization of EDC3-mCherry ................................................................................................ 33 
Co-localization of IME4-GFP and EDC3-mCherry.................................................................. 34 
Discussion ..................................................................................................................................... 38 
Conclusion .................................................................................................................................... 42 
Bibliography ................................................................................................................................. 43 
 
 
 
 
 
 
v 
 
Table of Figures 
Figure 1. (A to G)  Overview of the stages of spore and ascus formation...................................... 3 
Figure 2. Schmooing Cells. ............................................................................................................. 5 
Figure 3.Pseudohyphae: A yeast forming filament ........................................................................ 7 
Figure 4. Central Dogma of molecular biology. ............................................................................. 8 
Figure 5.Transcription..................................................................................................................... 9 
Figure 6.N6-methyladenosine . ..................................................................................................... 10 
Figure 7.Translation. ..................................................................................................................... 13 
Figure 8. pJG101 digested with enzymes PstI and SacI.. ............................................................. 26 
Figure 9.pJG102 digested with enzymes XhoI and BamHI.. ....................................................... 26 
Figure 10. IME-GFP gene............................................................................................................. 27 
Figure 11.Sporulation in yeast strain YYF101. ............................................................................ 28 
Figure 12. Schmooing cells of Saccharomyces cerevisiae. . ........................................................ 31 
Figure 13.GFP dots in the nucleus and cytoplasm of cells. .......................................................... 32 
Figure 14.P-bodies. ....................................................................................................................... 34 
Figure 15.IME4-GFP and EDC3-mCherry examined by fluorescence microscopy. ................... 35 
Figure 16.IME4-GFP and EDC3-mCherry examined by fluorescence microscopy . .................. 36 
Figure 17. IME4-GFP and EDC3-mCherry examined by fluorescence microscopy. .................. 37 
Figure 18. Stress Granules(SG) in association with P-bodies . .................................................... 41 
 
 
 
 
 
vi 
 
Abstract 
One lesser-known but universal post transcriptional modification carried out in yeast and 
higher eukaryotes is the methylation of mRNA, as mediated by the Ime4 protein and its 
orthologs. Ime4 protein is essential for sporulation in yeast cells and for viability of higher 
eukaryotic cells.  The precise locations of the Ime4 protein and the functions of the methylated 
mRNA are still largely unknown. Whereas Ime4 protein is believed to be exclusively nuclear in 
higher eukaryotes, we have observed the yeast Ime4 protein in the nucleus, in the cytosol and 
within cytosolic particles.  These observations suggest that Ime4 could be a shuttling RNA 
binding protein, playing roles in the cytosol as well as the nucleus.  As a first step to examining 
this idea, we tested the hypothesis that the punctuate cytosolic particles formed by Ime4 are P 
bodies. P bodies are transient aggregates of proteins and RNAs that form as a result of stresses 
such as glucose deprivation. This experiment was carried out using fluorescence microscopy 
using Ime4 tagged with GFP (green fluorescent protein) and the known P -body proteins Edc3, 
tagged with mCherry.  We expected that if the proteins thus produced localized in the same place 
in the yeast cell, we could then deduce that Ime4 is present in P-bodies.  We observed that Ime4 
and Edc3 did not colocalize in the majority of cells, and thus concluded that the Ime4 granules 
are not P-bodies. However, our experiments showed instances of Ime4 signals near or around the 
P-bodies in some cells.  Hence, the Ime4-containing aggregates are not likely to be P-bodies but 
could rather represent a different type of granule.     
 
 
Keywords: Ime4 protein, Methylation, P-bodies, Pheromone induction, Schmooing.  
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Introduction 
Saccharomyces cerevisiae and its advantages as the model organism 
 
Saccharomyces cerevisiae, the budding yeast, has been used for baking and brewing 
purposes from ancient times. Saccharomyces cerevisiae is capable of quickly switching its 
respiration mechanism from aerobic, sugar-limited and respiratory growth to fully fermentative, 
anaerobic, under glucose-excess conditions. This is the fundamental reason behind 
Saccharomyces cerevisiae’s wide use in industrial applications (van den Brink, Daran-Lapujade, 
Pronk, & de Winde, 2008). Along with brewing, Saccharomyces cerevisiae also has an important 
application in baking. However, it is more famous in the biological and clinical world for its 
ability to reduce acetaldehyde to produce ethanol.   
Besides the distillery industrial application, Saccharomyces cerevisiae is most used in the 
study of eukaryotic genetics and metabolism. Saccharomyces cerevisiae was the first eukaryotic 
organism whose complete genome sequence was determined (Goffeau, et al., 1996). Since then, 
it has been a thoroughly studied eukaryote at the cellular, molecular, and genetic levels. 
Saccharomyces cerevisiae has an extensive organism-specific database, deletion and 
overexpression libraries (Tong, et al., 2001) and many other resources. Genome-wide analysis 
systems such as DNA microarrays also developed early for this organism (Zhu, et al., 2001). 
These characteristics have made the yeast vital in cell and molecular research. Moreover, 
technical benefits of using yeast in research include short generation time, short life span, rapid 
transformation ability, well established genetics and molecular biology. The scientific 
advantages include interesting parallels between biological mechanisms in yeast and in insects, 
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worms, and mammals. In addition, much of what we know concerning mitochondrial inheritance 
stems from work using yeast as a model system. 
Sporulation in Saccharomyces cerevisiae 
 
Saccharomyces  cerevisiae undergoes different forms of proliferation based on the 
amounts and types of nutrients available. It is a unicellular organism that reproduces vegetatively 
through budding as either a diploid or haploid in the presence of nutrients. In an environment 
with poor nitrogen sources such as proline, the yeast will go through mitotic growth in a 
pseudohyphal form. The complete absence of nitrogen, and the presence of a nonfermentable 
carbon source such as acetate, causes the haploid cells to enter a dormant stationary phase and 
diploid cells to exit the mitotic cycle, undergo meiosis, and sporulate (Neiman, 2005). This 
process of meiosis via sporulation produces a tetrad of four haploid spores, a structure that is 
known as an ascus (Landry, Townsend, Hotsl, & Duccio, 2006).  The haploid spores produced 
are of mating types a or α, and of genotypes the MATa or MATα respectively; these will produce 
the MATa/MATα diploid as a result of successful mating. 
Only cells with both MATa and MATα undergo sporulation. Hence, only diploid cells are 
able to sporulate. Sporulation in Saccharomyces cerevisiae is equivalent to gametogenesis in 
higher organisms. It is a multistep complex differentiation process that is induced by nitrogen 
and carbon starvation. This stressful condition stimulates a series of complex biochemical, 
genetic, and morphological changes that ultimately leads to the formation of haploid stress 
resistant tetrads of spores. Sporulation comprises two overlapping processes, meiosis coupled 
with spore morphogenesis (Piekarska, Rytka, & Rempola, 2010). 
 
 
3 
 
 
Figure 1. (A to G)  Overview of the stages of spore and ascus formation. In the presence of 
a nonfermentable carbon source, diploid cells starved for nitrogen will undergo meiosis 
(Neiman, 2005). 
 
Mating Pheromone Pathway of Saccharomyces cerevisiae  
 
Haploid cells with the MATα allele secrete α-factor pheromone, a 13 residue peptide 
which binds to the α factor receptors encoded by the STE2 gene that is expressed only in MATa 
cells. MATa cells secrete a-factor pheromone, a 12 residue peptide which in turn binds to the 
receptors on MATα cells.  The a-factor receptors are encoded by STE3 gene and are only 
expressed in MATα cells. The binding of the mating pheromone to G-protein-coupled receptor 
(GPCR) on the cell-surface of the responding cell initiates the mating process (Bardwell, 2004).  
The binding of pheromone to GPCR stimulates Gα subunit to exchange GDP for GTP. 
This causes Gα to release the Gβγ heterodimer. The Gβγ complex then binds to a Ste5/Ste11 
complex, the Ste20 protein kinase, and a Far1/Cdc24 complex sequentially. The binding of the 
heterodimer to these effectors brings Ste20 and Ste11 near to each other transmitting the initial 
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signal further downstream. Ste20 then phosphorylates and activates Ste11, the first domino in the 
mitogen-activated protein (MAP) kinase pathway (Bardwell, 2004).  
MAPKs are proline-directed kinases that phosphorylate their targets on serine or 
threonine residues that are immediately followed by a proline residue. Ste12 is one of the major 
substrates that is stimulated in the pheromone-response pathway. Ste 12 is a transcription factor 
that binds to a DNA motif called the PRE (Pheromone Response Element) in the promoters of 
the genes it regulates. The stimulation of haploid yeast cells with mating pheromone results in 
the transcriptional induction of about 200 genes which are as a result of Ste12 activation 
(Bardwell, 2004).  
The genes that are pheromone-induced due to the presence of Ste12 include STE2, FUS3 
and KAR4 which are the positively-acting components of the mating pathway. Other groups of 
Ste12-dependent pheromone induced genes are involved in negative feedback regulation. These 
include SST2, MSG5 and GPA1. Also induced are FUS1, FUS2, FIG1, FIG2, AGA1, all of 
which are involved in the process of cell fusion (Bardwell, 2004). The functions of other 
pheromone induced genes in mating are not clear. The induced genes also include IME4 (an 
RNA methylase) and HOS2 (a histone deacetylase) among others (Lahav, Gammie, Tavazoie, & 
Rose, 2007). Including the modifications of the expression of about 200 genes in yeast cell, 
pheromone also causes the cell to arrest in the G1 phase of the cell cycle due to the activation of 
FAR1. The oriented growth is directed towards the mating partner. This process ultimately 
causes the fusion of the plasma membranes of the mating partners, an event that is shortly 
followed by the fusion of their nuclei. Finally, nuclear fusion is followed by cell cycle re-entry 
and mitotic growth as a diploid (Grote, 2008). 
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The changes that occur in both mating types the presence of potential mating partners are 
the same as those occurring in yeast cells that are treated with synthetic pheromone. Thus, cells 
treated with the pheromone of opposite mating type in the laboratory will also arrest their life 
cycle and promote or repress the same genes, leading to the elongation of the cells. The cells 
undergoing pheromone treatment take the “schmooing” shape as a result of cellular elongation. 
Once started, however, cells are not committed to this differentiation process irreversibly. The 
cells will not successfully mate when artificially induced with pheromone. Hence, as there is no 
mating partner present, they will eventually reenter the cell cycle and resume vegetative growth 
as haploids. This signal transduction pathway that allows the cells to sense the presence of 
extracellular pheromone and respond accordingly to it is known as the yeast mating pheromone 
response pathway (Bardwell, 2004) 
 
Figure 2. Schmooing cells after pheromone induction. Treatment of pheromone induces 
200genes in the yeast cell that causes the cell to arrest in G1phase and elongate towards the 
direction determined by previous bud. 
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Filaments/Invasion Pathway in Saccharomyces cerevisiae 
 
Some strains of Saccharomyces cerevisiae are capable of forming multicellular 
pseudohyphae- filamentous chains of cells that are physically connected even after cytokinesis. 
This is a form of foraging mechanism occuring under conditions of nitrogen starvation or by 
growth in media containing short-chain alcohols (Jin, Dobry, McCown, & Kumar, 2008). Since 
yeast is not motile and can’t move around in search of nutrients, it can only grow to explore its 
surroundings.  Hence, yeast produce filaments when they are out of their preferred amino acids 
like ammonium and glutamine and are forced to catabolise less preferred branched amino acids 
such as leucine and isoleucine. 
The nitrogen limitation causes changes in morphology and growth of the yeast cell. The 
cell cycle delays in G2/M phase causing the cells to elongate, exhibiting a budding like structure, 
physically attached to each other and rapidly invading the surrounding media (Kron, Styles, & 
Fink, 1994). The filamentous chains of elongated cells are called pseudohyphae (Jin, Dobry, 
McCown, & Kumar, 2008). Yeast filamentous growth is regulated by the nutrient-sensing cyclic 
AMP–protein kinase A (PKA) pathway and a mitogen-activated protein kinase (MAPK) 
pathway. The Filament/Invasion pathway is yet to be described completely. The MAPK and 
PKA pathways likely represent only a fraction of the signaling and metabolic pathways in yeast 
filamentous growth. Ime4 has negative effect on the filament pathway mechanism. Disruption of 
IME4 leads to “hyper-filamentation”, in which cells form elongate chains when nutrients are still 
available. Transforming excess IME4 to the knockout strain inhibits the cells from forming 
filaments even in nitrogen limiting condition. However, the mechanism by which Ime4 affects 
the filament/invasion pathway is unknown. 
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Figure 3.Pseudohypha: A yeast forming filament (Heinsbroek, Brown, & Gordon, 2005). 
 
Central dogma of Molecular Biology 
 
Central dogma is a theory coined by Dr. Francis Crick in 1958 that explains the 
unidirectional and irreversible flow of genetic information from deoxyribose nucleic acid (DNA) 
where it is coded to messenger ribonucleic acid (mRNA) which then acts as a template in protein 
coding (Zhou, 2010).The information coded within DNA called the genetic code governs the end 
product (protein) to be synthesized.  
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Figure 4. Central Dogma of molecular biology, Genetic information flows from DNA to 
RNA and RNA to protein (Ussery, 1988). 
 
Transcription 
Expressing a gene means manufacturing its corresponding protein. This multilayered 
process has two major steps. In the first step, the information in DNA is transferred to a 
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messenger RNA (mRNA) molecule by a process called transcription. Transcription is carried out 
by the enzyme RNA polymerase. The enzyme binds to the template DNA strand and catalyzes 
the synthesis of RNA that is complementary to one of the DNA strands.  In most eukaryotes, 
there exist three types of RNA polymerases. The first two are RNA pol I that transcribe the genes 
that encode ribosomal RNAs (rRNAs) and RNA pol III that transcribes the genes for small 
rRNA and  tRNA. Thus, it is RNA pol II that catalyzes the formation of a pre-mRNA molecule, 
which then undergoes post transcriptional modifications to form mature mRNA. Some of the 
most important post-transcriptional modifications include 5’ processing (capping), 3’ processing 
(polyadenylation), splicing (removal of introns) and export of the mature mRNA to the cytosol 
for translation. The resulting mRNA is a single-stranded molecule, which next must be translated 
to form a protein molecule (Clancy S. , 2008). 
 
Figure 5.Transcription; The information transfer from DNA to form mRNA (Karp, 2008). 
 
 
10 
 
Post Transcriptional Modifications 
 
Post transcriptional modification is the process that converts the precursor mRNA to 
mature mRNA in the eukaryotic cell. This processing of mRNA in eukaryotes takes place in a 
complicated multistep cascade. These post transcriptional actions on the mRNA play very 
important roles in the overall regulation of gene expression by mRNA. In addition to the well-
known processing steps, including 5’ capping, 3’ polyadenylation and splicing, post-
transcriptional modification of certain internal nucleosides in mRNA also occurs through 
methylation. Methylation is the presence of N6-methyladenosine (m6A) which is a modified base 
in the mRNA of all these cells (Clancy, Shambaugh, Timpte, & Bokar, 2002). This phenomenon 
is not understood completely because of the difficulty in determining the role of the modified 
methylated nucleosides in the eventual regulation of gene expression (Clancy, Shambaugh, 
Timpte, & Bokar, 2002).  
 
Figure 6.N6-methyladenosine, A modified base present in the mRNA of cells due to 
methylation (Modomics: A database of RNA modification Pathways, 2010) . 
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The methylation of mRNA occurs in the mRNA of some viruses and all eukaryotes that 
have been examined, including yeast, humans, Drosophila and Arabidopsis thaliana. The 
relative concentration of m
6
A varies with species and tissues but has been estimated to occur in 
approximately half of the total transcripts (Bodi, Button, Grierson, & Fray, 2010). The protein 
that methylates internal adenosine in mRNA is called RNA methyltransferase. These proteins 
were first purified from HeLa cell extracts. The methyltransferase was named MT-A70. MT-A70 
in human, MTA in plants and IME4 in Saccharomyces cerevisiae are the experimentally proven 
mRNA m6A- methyltransferases (Clancy, Shambaugh, Timpte, & Bokar, 2002). 
The MT-A70 gene family has been analyzed using bioinformatic tools to examine its 
evolutionary history. Four different lineages, A to D, of proteins with clear ancestry have been 
found by the study and analysis of proteins homologous to human methyltransferase MT-A70 
(Bujnicki, Feder, Radlinska, & Blumenthal, 2002). Lineages A include MT-A70 itself and B and 
C include sequence related to MT-A70. These lineages are unique to eukaryotes. Saccharomyces 
cerevisiae contains just A and B orthologous genes (IME4 and KAR4, respectively). Among 
sequenced eukaryote genomes of multicellular eukaryotes including humans, mice, Drosophila, 
and Arabidopsis thaliana, all contain representatives of the A, B, and C lineages. However, 
although B and C lineages share a common ancestry, their role in mRNA methylation is 
unknown. Lineage D is the most distantly related lineage consisting of bacterial DNA m
6
A 
methyltransferases (Zhong, et al., 2008) . Hence, IME4 and its orthologs including MT-A70 have 
been conserved through evolution. 
The process of methylation in eukaryotic DNA is recognized for its very important role in 
regulating gene expression (Wlodarski, et al., 2011). Methylation also plays a key part during 
maturation, structural organization and stability in eukaryotic RNAs as well. Although N6-
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methyladenosine has been identified in tRNA, rRNA and small nuclear RNA (SRNA), the 
destination and the function of the methylation is unknown. (Bodi, Button, Grierson, & Fray, 
2010). 
IME4 is a key gene in the highly regulated pathway that leads to meiosis and sporulation 
in Saccharomyces cerevisiae. As mentioned earlier, sporulation occurs only in the diploid 
MATa/MATα cell type and requires nitrogen and carbon starvation. Ime4-dependent methylation 
is low in the beginning of sporulation and increases at the later stages of sporulation, m6A level 
increases (Bodi, Button, Grierson, & Fray, 2010). Hence, consistent with the behavior of mRNA, 
it is clear that IME4 is induced in sporulating conditions. The expression of the IME4 gene 
results in the initiation of multistep cascade that leads to the formation of four haploid 
ascospores. (Clancy, Shambaugh, Timpte, & Bokar, 2002). Surprisingly, Ime4 is also induced by 
pheromone treated haploid cells, but its role in mating is still unknown (Lahav, Gammie, 
Tavazoie, & Rose, 2007). It is known that the IME4 gene is important and essential for meiosis 
and sporulation in standard laboratory strains. However, the reason why RNA methylation is 
important for this process remains unexplained (Clancy, Shambaugh, Timpte, & Bokar, 2002).  
Translation 
 
During translation, the mRNA is "read" in the 5’ to 3’ direction and protein is 
subsequently synthesized from the amino to the carboxy terminus. According to the genetic 
code, which relates the DNA sequence to the amino acid sequence in proteins, each group of 
three base pairs in mRNA constitutes a codon, and each codon specifies a particular amino acid. 
Translation takes place in the ribosomes where tRNA works as an adaptor between the mRNA 
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and the amino acid being incorporated in the protein chain .The mRNA sequence is thus used as 
a template to assemble the chain of amino acids that form a protein (Cooper, 2000). 
  
 
Figure 7.Translation; mRNA decoding to form the corresponding protein (Ussery, 1988). 
 
Gene expression can be regulated at several different levels. At the initiation of 
transcription, repressor and activator proteins may affect the transcription process. Similarly, 
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elongation can be regulated and paused RNA polymerase II molecules are observed in many 
eukaryotic genes. Antisense RNA may obstruct the initiation of transcription or translation. 
Proteolysis or modification of the gene product may occur at the post-transcriptional period. 
Also, the differences in the half-lives of mRNAs are crucial for the fate of the mRNA and protein 
thus produced.  
mRNA turnover is considered to be one of the important factors when it comes to the 
regulation of expression of gene in eukaryotic cells. This turnover is directly dependent on 
mRNA half-lives. Deadenylation and decapping are the two most important steps in the mRNA 
degradation pathway, and typically occur sequentially. These processes also decrease the half-
lives of the mRNA and lead to its degradation. A deadenylated and decapped mRNA is degraded 
by the 5′→3′ exonuclease Rat1 and/or Xrn1 and by a 3′→5′ exonucleolytic protein complex 
known as the exosome. Different factors including transcription shutoff, yeast nuclear proteins 
and trans- acting stability factors affect the half lives and degradation of mRNA (Friedel, 
Dölken, Ruzsics, Koszinowski, & Zimmer, 2009). 
Cytosolic Processing Bodies or P-Bodies 
 
Cytosolic processing bodies or P-bodies are aggregates of un-translating mRNAs along 
with translational repressors and other proteins involved in RNA decay. P-bodies and the mRNPs 
assembled within them are of interest ever since they have been implicated in many processes, 
including translational repression, mRNA decay, non-sense mediated decay, mRNA mediated 
decay, miRNA mediated repression and mRNA storage (Reijns, Alexander, Spiller, & Beggs, 
2008). Transcripts that associate with P body components can either degrade or resume 
translation. P-bodies are biochemically and functionally related to mRNA granules, including 
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stress granules and others that are still ill-defined. The rate of translation and degradation of 
mRNAs are somehow affected by the changing equilibrium between mRNPs seen in the P-
bodies and polysomes which include ribosomes that are engaged in translation (Buchan & 
Parker, 2009). 
 
 
 
 
  
 
 
 
 
 
 
                   
 
 
 
16 
 
Motivation for Current Work 
Ime4-GFP was constructed in the lab prior to my arrival by a masters student, Brandy 
Huderson. Ms. (now Dr. Huderson) constructed the IME4-GFP used to initiate the current study. 
She transformed the fusion into the diploid yeast strain YYF101 and introduced it to starvation 
media to initiate sporulation. She observed the IME4-GFP signal in the nucleus and in punctate 
cytosolic structures in some sporulating cells. However, better understanding of IME4 in 
sporulating condition was hindered by several factors. Sporulation is a time dependent process. 
The cells introduced to starvation media start sporulating anywhere from 4 to 6 hours and the 
process is not synchronous. Also, only about 50% of the cells sporulate in a starvation media. 
Moreover, the IME4-GFP was observed in a small fraction of cells at any particular time, and the 
signal disappeared as the cells began meiosis. Hence, study of the position of IME4 in the 
sporulating cells will require long period of time and larger density of cells. With Brandy’s 
experiment, we concluded that IME4 is present in the nucleus and aggregates in the cell but in 
order to have a better understanding of the protein localization we needed to design an efficient 
experiment to study IME4 induction. 
Mating pheromone induces 200 different genes and initiates the MAPK pathway. The 
pheromone treated cells arrest in G1 phase of cell cycle and elongate towards the direction of 
previous bud with the intention of mating. Since IME4 is one of the genes induced by 
pheromone, mating pheromone can be used to study the protein localization and functioning. 
Pheromone treated cells are easy to work with. They start observable schmooing within an hour 
after treatment and do not resume their original shape for next 4 to 5 hours. Unlike sporulation, 
most of the cells treated with pheromone schmoo, meaning that IME4 is induced in almost all 
cells. Therefore, treatment with mating pheromone doesn’t require time or large density of cells. 
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Based on these observations, this project was designed to study the position and functions of 
Ime4 protein in the yeast strain using pheromone treatment. 
Ime4 has been thought to be expressed only in the diploid cells. This is in apparent 
contradiction to the observed induction of the gene by pheromone, which can only occur in 
haploids. We used haploid yeast strain BY4741 for this experiment. Based on the information 
from available microarray data (Hongay, Grisafi, Galitski, & Fink, 2006), we predicted that 
IME4 would be induced with pheromone treatment even in haploid BY4741. The idea was to use 
the pheromone induction process to localize IME4 in non-sporulating cells. Our overall working 
hypothesis was that the binding of pre-mRNA by Ime4 leads to the methylation of the pre-
mRNA and subsequent movement of the resulting protein-RNA complexes to the cytosol. Once 
in cytosol, Ime4 protein incorporates itself in cytoplasmic aggregates. In order to determine the 
exact location of the Ime4 in the cell, we decided to test the hypothesis that the cytosolic 
structures it occurs in are P-bodies.  
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Methods and Materials 
Materials 
 
Taq polymerase and restriction enzymes were purchased from Promega and used as 
directed by the supplier. T4 DNA ligase was obtained from New England Biolabs. High fidelity 
DNA polymerase Pfu Ultra and Hercules were from Stratagene. X-gal, IPTG and synthetic α 
factor were obtained from US Biologicals. Gel extraction kit was purchased and used as directed 
by Stratagene. Qiagene provided the QiaPrep kit and instruction for miniprep. XL1 Blue 
Subcloning-Grade competent cells for E.coli transformation were obtained again from 
Stratagene.  
Ecoli growth and transformation 
 
Plasmids were transformed into E.coli cells using the protocol described by Stratagene 
for XL1- Blue Subcloning-Grade Competent Cell transformation. The transformed cells were 
grown in LB media (1% Bacto tryptone, 0.5% yeast extract and 0.5% NaCl, pH 7.5) 
supplemented with ampicillin(100µg/ml) or kanamycin (30µg/ml) according to the selectable 
marker on the plasmid. Plasmids were isolated from small scale (1-5ml) cultures using 
StrataPrep plasmid miniprep kits and evaluated by restriction enzyme digestion and agarose gel 
electrophoresis. 
Isolation of Ime4-GFP for cloning 
 
Ime4-GFP was isolated from the plasmid 5:7. This plasmid contains IME4 protein coding 
region fused in frame to GFP following an engineered HindIII site and a 6 His linker (Mary J. 
Clancy, Personal Communication). The IME4 gene included 454bp upstream sequence and the 
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complete ORF. Restriction digest using enzymes SacI and Pst I with Promega Buffer B were 
used to isolate the IME4-GFP DNA. Yep352 contains the pUC18 for origin of replication and 
beta lactamase gene and can replicate autonomously in both Saccharomyces cerevisiae and 
E.coli (Hill, Myers, Koerner, & Tsagoloff, 1986). The DNA fragments were separated by 
electrophoresis at 80V and 40mA for approximately 30 minutes. 1X TAE (4.84% Trizma base, 
2.72% sodium acetate, 0.38% EDTA and pH 7.5) was used as the gel running buffer. The 
samples were run in several wells on the gel comb. Horizontally cut gel wells were examined 
under UV light and the DNA bands from the other wells were cut out relative to their position 
seen on the gel portion exposed to UV radiation. 
The protocol provided by the production company for StrataPrep DNA Gel Extraction 
Kit was followed to extract Ime4-GFP from the gel. The cut section of the gel was weighed and 
mixed with 300µl of DNA extraction buffer for each 120 mg by weight of the gel as directed by 
the supplier. Each gel portion weighed approximately 120 mg and three of these extracts were 
mixed in each case with the required amount of DNA extraction buffer. The gel was heated for 
10 minutes at 95ºC with occasional shaking until all of it completely dissolved in the buffer. 
Each extraction was according to the instruction. Recovery of the purified DNA was verified by 
agarose gel electrophoresis, and fragment sizes were determined by comparision to known 
standards (Stratagene kb ladder) 
Cloning of Ime4-GFP into Yeast Shuttle Vectors 
 
Purifications of high copy plasmid pGP564 and low copy plasmid pRS 315 (Jones, et al., 
2008) from bacteria cells were carried out. The amount obtained was determined by 
electrophoresis and/or spectrophotometry. Plasmids were digested with PstI and SacI. The 
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protocol by Qiagene QiaPrep miniprep handbook was followed to obtain the plasmids separately. 
A ligation was set up with DNA ligase buffer and enzyme to insert the Ime4-GFP into pRS315 
and pGP564. The ligated fragments were then transformed into competent E.coli cells. Plasmid 
vectors pGP564 and pRS315 includes the gene coding region for the first 140 amino acids of 
lacZ interrupted by the multiple cloning sites. For blue/white colony selection, strains were 
grown first on plates containing media necessary for selection and subsequently patched onto LB 
plates containing 20µl of 5-bromo-4-chloro-3-indolyl-ß-D-galactopyranoside (X-gal; 20 mg/ml) 
and 10µl Isopropyl β-D-1-thiogalactopyranoside (IPTG) (30 mM). White colonies, cells where 
lacZ is interrupted, were selected for mini prep. The clones were analyzed through restriction 
digest with enzymes PstI and SacI and sequenced completely to ensure that no mutations had 
been introduced.  Thus, new clones with IME4-GFP in vectors pRS315 and pGP564 were 
obtained. The clones were named pJG101 and pJG102 respectively.  
Yeast growth and transformation 
 
 Yeast strains used for this project were wild type haploid strain, BY 4741 (MATa, 
his3∆1, leu2∆0, met15∆0, ura3∆0) and diploid knockout for IME4, YYF 101 (MATa/MATα, 
ime4:TRP1/ime4:TRP1, ho:HIS3/ho:HIS3, leu2/leu2, ura/ura3, trp1/trp1). Yeast transformations 
were performed as described in the protocol by Linda Hoskin/Hahn lab 
(http://labs.fhcrc.org/hahn/index.html). Cells were pre grown in YEPD (1% yeast extract, 2% 
peptone and 2% glucose) and selected in SC (0.67% yeast nitrogen base without amino acids, 
2% glucose) supplemented with appropriate selective nutrients, usually one or a combination of 
histidine, leucine, lysine, methionine or uracil as necessary. 
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Visualizing P-bodies 
 
5 ml of yeast BY4741 strain cells were transformed with EDC3-mCherry and grown 
overnight in SC media at 30°C with vigorous shaking. 2 ml of the culture was then centrifuged at 
4000g at 4°C for 5mins. The supernatant was completely removed and the pellet was 
resuspended in 1ml of SC without glucose. The cells were incubated in room temperature for 10 
minutes and the resuspended culture was then examined by fluorescent microscope for P-bodies.   
Sporulation of yeast cells 
 
For sporulation experiments, IME4 containing plasmids and controls were transformed 
into the yeast strain YYF101. One single colony was inoculated in SC and grown as described by 
Sherman et al (Sherman, Fink, & Hicks, 1986) . This culture was harvested by centrifugation at 
4000g for 5 min at room temperature. After being washed with sterile water, the pellet was 
suspended in a 5 ml of PSP medium supplemented with amino acids as needed. The culture was 
grown for five generations at 30°C with vigorous shaking, and then harvested by centrifugation. 
The pellet was washed with sterile water and resuspended in the sporulation medium, SPM (1% 
potassium acetate supplemented with amino acids as required by the strain) to induce 
sporulation. Sporulation was examined after 28-48 hours of incubation in SPM at 30ºC with 
shaking. The percentages of sporulated cells were determined by direct microscopic counts using 
a hemocytometer. 
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Pheromone Induction  
 
pJG101 and pJG102 were transformed into the MATa strain BY4741. The strain was 
grown overnight in 5 ml of SC media at 30°C with vigorous shaking. 2 ml of the culture was 
harvested by centrifugation at 4000g for 5 minutes. The pellet was resuspended in 5 ml of SC 
media for the approximate cell density of 1 to 2×107cells/ml. 200 µl of the culture was separated 
for control at 0 minutes. Pheromone was added to rest of the culture in such a way that the final 
concentration was 4µg/ml. The pheromone treated culture was grown in 30°C with vigorous 
shaking. 200 µl of the sample was taken every hour for next 5 hours. The sample was 
centrifuged, resuspended in smaller volume and examined to determine yeast’s response to 
pheromone over time. 
Construction of IME4-GFP and EDC3-mCherry 
 
A plasmid encoding the P-body scaffold protein Edc3 fused to mCherry at the C-terminus 
was obtained from the Roy Parker lab at the University of Arizona. EDC3-mCherry which 
comprises EDC3 tagged with mCherry in a CEN URA3 vector. EDC3 has a 551aa long coding 
region. The coding region of IME4-GFP constructed by Brandy Huderson (Huderson, 2003) is 
about 1800bp long with 444bp of upstream promoter region and in frame GFP at the IME4 C-
terminus. Since IME4-GFP is cloned on a LEU2 containing vector and EDC3-mCherry is cloned 
on a plasmid containing URA3, they can be selected separately.  
Microscopy 
 
  A Nikon Eclipse E800 with Photometric Cool Snap Fx Camera, was used. The filters 
with excitation wavelengths 465µm-495µm (FITC) and 510µm-560µm (TRITC) were utilized 
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for the analysis of IME4-GFP and EDC3-mCherry respectively. The research imaging software 
Metamorph was used to obtain the images and the program ImageJ was used to process them.  
Plasmids containing IME4-GFP and EDC3-mCherry were transformed into BY4741 and 
selected separately according to their respective markers. The transformed cells were then 
viewed by fluorescence, DIC and bright field microscopy to determine the location of GFP 
tagged Ime4 and mCherry tagged Edc3 in the yeast cell. Plasmids with IME4-GFP and EDC3-
mCherry were then transformed into the same yeast strain YYF 101 to test their localization in 
the cell with respect to each other. The double transformation was then examined through 
fluorescence microscopy using FITC and TRITC filter.   
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Results 
Cytoplasmic Processing Bodies 
P-bodies are cytoplasmic granules that contain translational repressors and proteins that 
execute the degradation of mRNA. They are transient aggregates that form as a result of stresses 
such as glucose deprivation. We obtained a plasmid encoding the P-body scaffold protein EDC3 
tagged with mCherry from the Roy Parker lab at the University of Arizona. mCherry is a 
monomeric fluorescent construct used in biotechnology. It is used as a marker tagged to 
molecules and cell components to follow their movements in the cell. The EDC3-mCherry 
plasmid was transformed into BY4741 and its localization in the cell was examined by 
fluorescence microscopy using the TRITC filter. EDC3 was also transferred to the diploid strain 
YYF101 as an attempt to see its localization in sporulating cells.  EDC3-mCherry, as expected, 
localized in cytoplasmic granules in the cell which was observed as red dots denoting mCherry. 
Similarly, GFP tagged Ime4 was constructed prior to my arrival in the lab by Brandy 
Huderson using a Yep352 vector. The green fluorescent protein (GFP) tagged to Ime4 is a 
protein that exhibits bright green fluorescence when exposed to blue light. GFP, like mCherry, is 
used to follow the movement of markers around the cell. IME4-GFP was also transferred to the 
cell strain BY4741 and its localization in the cell was examined by fluorescence microscopy. 
The position of IME4-GFP was denoted by diffuse fluorescence and green dots of GFP 
molecules. Lastly, both EDC3-mCherry and IME4-GFP plasmids were introduced into the same 
yeast strain of BY4741 and their position with respect to each other was examined via 
fluorescence microscopy. Their positions, again, were observed by the localization of mCherry 
and GFP in the cell. 
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pJG101 and pJG 102 
 
High copy plasmid pGP564 and low copy plamid pRS315 were used as vectors to insert 
DNA encoding IME4-GFP to obtain pJG101 and pJG102. pRS315 and pRS564 are both shuttle 
vectors with the LEU2 selectable marker. Plasmid copy number refers to the copies per cell or 
copies per chromosome. Plasmid copy number can be low, medium and high. In yeast low copy 
plasmids produce 1 to 5 copies per cell and high copy plasmid can reach up to 20-30 copies per 
cell. Different copy number occurs due to difference in mechanism of replication or different 
genes at origin of replication (Scheper, 2004). pRS315 is one of the pBluescript-based 
centromere vectors. pGP564 contains 2-micron plasmid sequences necessary for maintenance of 
high copy number in the yeast strain. These features of pRS315 and pGP564 allow them to 
produce low and high copy per cell. 
The newly formed clones were sequenced using primers pGP left, pGP right and two 
internal IME4 primers. The amplified clones were sequenced to ensure that no mutation had 
been introduced. The sequenced clones were also digested with restriction enzymes and analyzed 
for the presence of an insert of the expected size. 
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Figure 8. pJG101 digested with enzymes PstI and SacI. a) The 1kb DNA ladder produces 
eleven DNA fragments ranging in size from 500 to 10,000 base pairs. This ladder can be 
used to quantitate the amount of DNA and size of DNA fragments in a sample. b) The first 
lane represents 1kb DNA ladder and lanes 3 to 5 contain plasmids digested with PstI and 
SacI. The migration of the bands is compared to the DNA ladder. 
 
 
Figure 9.pJG102 digested with enzymes XhoI and BamHI. a) The 1kb ladder with its 
eleven DNA fragments used to quantify the amount of DNA and the size of the DNA 
fragments in sample. 
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Figure 10. IME-GFP gene with the 444bp upstream promoter region, 1800bp long Ime4 
coding region and 727bp in frame GFP.  The HindIII site was introduced in our lab that 
signals the beginning of GFP in the sequence. 
 
The expected sizes of the upstream region, IME4 coding region and in frame GFP in 
sequence and fragments after restriction digestion provided us with evidence to conclude that no 
mutation has entered the clone in the purification and cloning processes. The next step in the 
experiment was to determine the functionality of IME4 tagged with GFP in both pJG101 and 
pJG102. 
Functionality of IME4-GFP 
 
Ime4 is necessary for cells to initiate sporulation. Maximum RNA methylation due to 
Ime4 is observed in the cells during glucose and nitrogen starvation, which corresponds to the 
initiation of sporulation. The treatment of the cells with starvation media artificially causes 
scarcity of nutrients and induces the expression of IME4, commencing sporulation. A colony of 
cells after transformation of pJG101 and pJG102 with YYF101 was grown overnight in SC at 
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30ºC with vigorous shaking. The culture was then grown for 5 generations in PSP. It was then 
transferred to SPM to induce sporulation. Similarly pRS315 and pGP564 which lack IME4 gene 
and pRM2b which contains the full length wild type IME4 gene were both transformed into 
YYF101 and transferred into the starvation media as negative and positive controls respectively. 
The percentage of sporulating cells was calculated through microscopic count using 
hemocytometer. It was observed that the knockout strain lacking functional IME4, cells with 
pRS315, didn’t sporulate at all in the starvation media (no sporulated cells out of several 
thousands). The cultures with pRM2b that had Ime4 coding region showed a significant fraction 
of sporulated cells (more than 40% among several thousand examined). Cells with pJG101 and 
pJG102 also started forming asci, structures with four haploid spores.  
 
 
Figure 11.Sporulation in yeast strain YYF101 by inducing IME4 expression via treatment 
with starvation media. IME4 is essential for the expression of early sporulation genes. 
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Based on the number of sporulated and unsporulated cells counted through microscopy, a 
statistical analysis of sporulation in the cells with or without IME4-GFP was performed. The 
following results were obtained from the unpaired two tailed t-tests. 
a) pGP564 vs pJG102 
Cells with pGP564 didn’t sporulate at all due to lack of IME4 gene to initiate the 
process. Since a real number was required to run the test; we supposed one cell 
sporulated in the knockout strains. Cells with pJG102, however, sporulated. The P-
value obtained when an unpaired two tailed t-test was run between pGP564 and 
pJG102 was less than 0.0005. By conventional criterion, this difference is considered 
to be extremely statistically significant. Hence, the significant difference in the 
sporulation of cells with pGP564 only and pGP564 with IME4-GFP (pJG102) shows 
that the GFP tagged IME4 insert in PGP564 is functional. 
b) pRS315 vs pJG101 
Cells with pRS315, a knock out strain for Ime4, didn’t sporulate (0 tetrads/ 
several thousand cells examined). Again, the number of sporulated cells with pRS315 
was set at 1 for the purpose of the calculations. The P-value obtained, when an 
unpaired two tailed t-test was performed between sporulated cells with pRS315 and 
pJG101 was less than 0.0001. This difference is also considered to be extremely 
statistically significant. This significant difference shows that IME4-GFP insert in 
pRS315 is functional. 
c)  pRM2b vs pJG102 
Cells with pRM2b with preexisting untagged Ime4, as expected, entered sporulation 
when treated with starvation media. The number of sporulating cells with pJG102 and 
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pRM2b were counted and an unpaired two tailed t-test was run for statistical analysis. 
The P-value was obtained to be 0.0032. Although cells with IME4-GFP insert showed 
sporulation, the number of sporulating cells was still significantly different from the 
positive control. Hence, IME4-GFP is functional but is nevertheless affected by the 
tagging with GFP. 
d) pRM 2b vs pJG101 
Sporulating cells with pRM2b and pJG101 were counted after treating with starvation 
media for 24 hours. A statistical analysis was performed between these numbers using t-
test. The unpaired two-tailed P value was equal to 0.0012. This difference is considered 
to be significant. Hence, similar to pJG102, the IME4-GFP in pJG101 is functional but is 
still affected by the tagging with GFP. 
Therefore, these experiments provided evidences that GFP tagging did have some modest effect 
on the IME4 functioning but that the fusion protein supports sporulation in these cells. 
Localization of IME4-GFP 
 
  Plasmids pJG101 and pJG102 were transformed into yeast haploid strain BY4741. The 
transformed cells were grown in SC overnight at 30 ºC with vigorous shaking. Pheromone was 
added to the culture of 5 ml and its effect on cells was examined every hour via bright field and 
fluorescence microscopy. As mentioned earlier, pheromone causes the expression of more than 
200 genes, including IME4. The expression of these genes causes the cells to arrest in G1 phase 
of cell cycle and elongate into a schmoo shape. 
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Cells with pJG101 and pJG102 started shmooing within an hour after the pheromone 
treatment. The cells elongated with the intention of mating.  However, due to the presence of 
artificial pheromone, the cells did not successfully mate and began resuming their normal shape. 
About 5 hours into the treatment, the cells completely assumed their normal shape without 
schmooing. Thereafter, the cells reentered the cell cycle and began vegetative growth.  
 
Figure 12. Schmooing cells of Saccharomyces cerevisiae. The yeast strain BY4741 is grown 
overnight and treated with pheromone to induce the expression of 200 genes. This cause the 
cell to arrest in the G1 phase of cell cycle and elongate making a schmoo shape towards the 
direction of the previous bud as shown in the figure. One of the gene expressed in the 
pheromone induction is IME4. The cells do not require IME4 to respond to pheromone. 
 
 The pheromone treated cells were observed through fluorescence microscopy with the 
FITC filter to examine the localization of induced IME4 in the cell. Ime4 containing cells were 
observed to contain green dots representing GFP as well as diffuse fluorescence throughout the 
nucleus and cytoplasm. The cells were examined under fluorescence microscope when the cells 
start showing schmooing response to pheromone. 
 
 
 
32 
 
 
Figure 13.GFP dots in the nucleus and cytoplasm of cells. GFP is tagged to IME4 and 
therefore use to examine the possible position of the protein in the cell. a)GFP dots that 
accompanies Ime4 are seen in nucleus usually in perinuclear position. b) GFP dot is seen 
cytoplasm. c) Ime4-GFP in perinuclear position of nucleus . d) Ime4 in cytoplasm. 
 
Ime4 was observed in the cytoplasm as well as the nucleus of the cells. Most of the 
images in which punctuate staining was observed had the Ime4-GFP dots in the perinuclear 
position. This experiment was the first of its type to provide evidence for both nuclear as well as 
cytosolic localization of IME4 in pheromone-treated cells. The presence of Ime4 signal in both 
nucleus and cytoplasm suggests that Ime4 could be shuttle protein.  We don’t know the exact 
A B 
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mechanism for its transfer in and out of the nucleus but one possibility is that Ime4 contains of 
both import/export signals. It also may have definite signal in its primary sequence that allows it 
to bind to the mRNA and directs it to leave the nucleus in association with it. 
Localization of EDC3-mCherry 
 
EDC3-mCherry was constructed in Roy Parkers lab at the University of Arizona. Edc3 
belongs to the Lsm family of RNA binding protein (Ling, et al., 2008). The tagged EDC3 was 
transformed into the yeast strain BY4741. The cells were transformed and grown overnight in 
SC. The culture was centrifuged at 4000g for 5 mins and the pellet thus formed was washed with 
SC-glucose. The culture was then resuspended in SC-glucose to induce P-bodies and was 
examined by fluorescence microscopy. The red dots of fluorescent protein mCherry confirmed 
the position of the Edc3.  
Many proteins and small non-coding RNAs that participate in post-transcriptional 
processes such as translational repression, mRNA silencing, mRNA surveillance and degradation 
colocalize in discrete cytoplasmic domains called processing bodies or P-bodies. As Edc3 serves 
as a scaffold protein that aggregates mRNA proteins together for P-body formation and enhances 
decapping of mRNA assisting in its degradation, we expected the position of P-bodies to be 
indicated by the Edc3. Red dots representing mCherry fluorescence were observed under 
conditions that induce P-body formation.  
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Figure 14.P-bodies are processing bodies that consist of proteins for mRNA degradation. 
Edc3 is a P-body protein. Hence, Edc3 tagged with mCherry localizes at P-bodies in the 
cells as represented by all the red dots in the figure. 
 
Co-localization of IME4-GFP and EDC3-mCherry 
 
IME4-GFP and EDC3-mCherry plasmids were selected separately and then transformed 
into the same haploid yeast strain BY4741 through double transformation. The cells were then 
grown overnight, treated with pheromone and studied through fluorescence microscopy. The 
position of Ime4-GFP and Edc3-mCherry with respect to each other was determined. The green 
dots representing Ime4-GFP were seen in cytosolic granules that didn’t coincide with red dots for 
EDC3-mCherry. The green dots often appeared in close proximity to red dots but never co-
localized. This evidence suggests that Ime4 is not a P-body protein but may occur in cytoplasmic 
granules, such as those that cells produce in adverse conditions. 
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Figure 15.Ime4-GFP and Edc3-mCherry examined by fluorescence microscopy with FITC 
and TRITC filters, respectively. The images were color combined through Metamorph 
software to determine the position of Ime4 and Edc3 relative to each other. a) Ime4 in the 
nucleus. b) Edc3 in P-bodies in cytoplasm. c) Ime4 localization with respect to GFP.  
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Figure 16.Ime4-GFP and Edc3-mCherry examined by fluorescence microscopy with FITC 
and TRITC filters, respectively. The images were color combined using Metamorph 
software to determine the position of Ime4 and Edc3 relative to each other. a) Ime4 in the 
perinuclear position in the nucleus. b) Edc3 in P-bodies in cytoplasm. c) Ime4 localization 
with respect to GFP.  
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Figure 17. Ime4-GFP and Edc3-mCherry examined by fluorescence microscopy with FITC 
and TRITC filters, respectively. The images were color combined using Metamorph 
software to determine the position of Ime4 and Edc3 relative to each other. a) Ime4 in the 
cytoplasm. b)Edc3 is in the P-bodies in the cytoplasm. c) Ime4 localization with respect to 
GFP.  
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Discussion 
 
Methylation is one of the most common chemical modifications of biologically active 
molecules. It has very diverse functions in essential cellular processes, including signal 
transduction, transcriptional control, biosynthesis, and metabolism. Methyl transferases catalyze 
the transfer of methyl group from mainly S-Adenosyl-L-methionine to a nucleophilic acceptor. 
The methylation targets are most commonly a nitrogen or oxygen atom within proteins, nucleic 
acids, small molecules and lipids. Methylation may bring about some changes in protein-protein 
and protein-nucleic acid interaction. These changes, in turn, influence such disparate processes 
as protein localization, ribosome assembly, RNA processing, protein translation, protein 
metabolism and cell signaling (Wlodarski, et al., 2011).  
The methylation of adenosine residues of mRNAs  is essential to activate sporulation. 
The modification of the base as well as the initiation of sporulation/meosis is due to the presence 
of the gene IME4. IME4 encodes a nuclear mRNA directed methyltransferase that modifies a 
small fraction of adenosine bases in pre mRNA of eukaryotic cells. Adenosine methylation is 
observed in all eukaryotes tested thus far. Ime4 protein is vital in some yeast strains and all 
higher eukaryotes. Its absence is lethal to eukaryotic cells. Given the importance of this 
particular protein in the cell, it is surprising that the destination and function of the methylated 
mRNA in the cell is still largely unknown. In this study, Ime4 is observed in nucleus as well as 
cytoplasmic aggregates. To be capable of moving to and from the nucleus, IME4 is required to 
have shuttle protein functions.  Nuclear localization signal (NLS) is required by proteins to 
localize in nucleus and nuclear export signal (NES) is needed to exit from the nucleus. 
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The transfer of proteins and RNAs to and from the cytoplasm and nucleus is necessary 
for the proper functioning of the cell. The transport of most proteins is mediated by soluble 
transport receptors of importin β family. The direction of this transport is completely dependent 
on GTPase/ Ran. The RAN/GTP gradient formed due to the difference in concentration of 
RanGTP in the nucleus and RanGDP in the cytoplasm regulates the importins-exportins 
interaction. GTPase/Ran has an ortholog Gsp1p in Saccharomyces cerevisiae which has similar 
functions (Fries, et al., 2007).  The localization of the protein, however, depends on unique set of 
sequences. Proteins destined for the nucleus contain short unique stretches of amino acids which 
are termed nuclear localization sequences (NLSs) that are recognized by import receptors called 
karyopherins or importins. Proteins that are predetermined to leave the nucleus have Nuclear 
Export Signal (NES) which are recognized by exportins.  
Classical NLS (cNLS), identified and transported to the nucleus by importin α, was the 
only defined and characterized nuclear import sequence until recently. The characteristic feature 
of cNLS is the presence of one of two unique clusters of amino acid (PKKKRRV or 
KRPAATKKAGQAKKKK). Another novel NLS termed the PY-NLS has been identified that is 
recognized by the human importin receptor called karyopherin β2/transportin (Karβ2). The 
structural information and biochemical evidence obtained by extensive study of these proteins 
has led to the formation of set of predictive rules that predict import by Kapβ2 NLS. A Kapβ2 
NLS is structurally disordered, the NLS has net basic charge and the NLS has a hydrophobic or 
basic region upstream of a C-terminal R/H/KX2-5PY motif. PY-NLS is conserved in 
Saccharomyces cerevisiae and the apparent ortholog of Karβ2 in yeast, Kap104, has two known 
cargoes, mRNA binding proteins Hrp1 and Nab2 (Lange, Mills, Devine, & Corbett, 2008). Ime4 
lacks the amino acid clusters unique to cNLS and doesn’t support any rules for kap104. Hence, 
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the NLS that governs the localization of Ime4 in the nucleus of Saccharomyces cerevisiae is yet 
to be identified.  
Unlike the import protein, much less is known about exit of macromolecules from the 
nucleus. As mentioned before, proteins that exit have recognizable NES signals (nuclear export 
signals), whereas others do not. However, all RNAs leave the nucleus in association with 
proteins. It has been proposed that proteins have export as well as import signals in their primary 
sequences. An RNA binding protein might have a definite signal in its sequence that allows it to 
bind with the mRNA and directs it to leave the nucleus in association with RNA. There also exist 
some nuclear proteins like Np13, encoded by NPL3 gene, that can shuttle in and out of nucleus. 
Shuttle proteins are assumed to have both nuclear as well as cytoplasmic functions. In case of 
Np13, it is suggested that the protein exposes an export signal while binding to the mRNA and 
exits out of the nucleus to the cytoplasm where it dissociates and returns to the nucleus (Flach, et 
al., 1994). Hence, future research work is needed to determine the NLS and NES responsible for 
the localization of IME4 in cytoplasm and nucleus. 
IME4 is seen in cytoplasmic aggregates in this study. These aggregates are not P-bodies 
as we had previously expected. The aggregates can be any other RNA granules formed in the 
cytoplasm of the cells with mRNAs that are programmed for delayed translation, allowing 
transcripts to be transported or stored until favorable developmental or environmental conditions 
occur. In both cases, a subset of translationally silenced mRNAs is packaged into RNP granules 
that lack a limiting membrane and are visible using light microscopy. These RNA granules 
include P-bodies, stress granules, germ cell granules and neuronal granules.  
Cells respond to the stresses like hypoxia, heat shock and arsenate by inducing the 
assembly of cytoplasmic stress granules (SGs). SGs are multi-molecular aggregates that 
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accompany a sudden translational arrest leading to rapid polysome disassembly that prevents the 
accumulation of mis-folded proteins (Arimoto, Fukuda, Imajoh-Ohmi, Saito, & Takekawa, 
2008). They contain messenger RNA, small ribosomal subunits, eukaryotic initiation factors, and 
a large number of RNA-binding proteins (Xie & Denman, 2011). Stress granules have been 
observed in yeast (such as Saccharomyces cerevisiae), protozoa, metazoa (such as Homo 
sapiens) and also in chloroplasts of plants.  
Sometime stress granules are seen in close association with P-bodies (Anderson & 
Kedersha, 2009).  P-bodies and stress granules both consist of mRNAs and proteins. While 
mRNAs stalled in translation initiation accumulate in stress granules, mRNAs targeted for 
degradation or translation repression accumulate in P-bodies (Beckham & Parker, 2008).  P-
bodies, sometimes, exist in close association with stress granules (Anderson & Kedersha, 2009). 
Examination of our images from double localization shows Ime4-GFP dots and Edc3-mCherry 
dots in close proximity. Hence, it is possible that Ime4 exists in stress granules in the cytoplasm. 
 
 
Figure 18. Stress Granules (SG) in association with P-bodies (Anderson & Kedersha, 2009). 
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Conclusion 
 
 For yeast, pre-mRNA methyltransferase, IME4, affects the expression of early 
sporulation genes. Although IME4 is highly conserved through evolution and is found in almost 
all eukaryotic cells, the function of methylated mRNAs is unknown. In must eukaryotes, IME4 is 
exclusively nuclear. My research concluded that in yeast cells, however, IME4 is present in the 
cytoplasm too. The sighting of IME4 in the nucleus in Saccharomyces cerevisiae suggests that 
IME4 must have nucleus localization signal (NLS) that allows it to localize in nucleus and 
nucleus export signal (NES) that causes it to exit from the nucleus. Not much has been known 
about NLS and NES unique to IME4. In the cytoplasm, IME4 is present in structures that 
resemble granules which include P-bodies, stress granules, germ cell granules and neuronal 
granules. We showed that IME4 is not present in cytoplasmic processing bodies (P-bodies) but 
occur in their proximity. There has been evidence of P-bodies existing in association with 
another stress granule (SG) that is produced by cells as a coping mechanism against adverse 
environmental conditions.  Hence, future research work can include comparison between Ime4 
and SG proteins. Studying the localization of both proteins in a yeast cell with respect to each 
other can give further information on the identity of the granule that contains Ime4.  
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